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Introduction 
This progress report summarizes the work done from 15 September 
c 
1965 t o  15 M a r c h  1966 in the area of Space Comuunications. 
The problems considered during this  period were: 
1. Intermodulation Distortion i n  a Phase Locked Loop, 
s 
* 
2. Error rates obtained in Demodulating Frequency Shift  Keyed 
L Signals using an E24 Discriminator, 
3. The Response of an EM Discriminator t o  a Fading FM Signal, 
A 
4, Optimum Estimators, 
5. A n  Intensive Study of t he  Threshold Performance of the Phase 
Locked Loop and Frequency Demodulator Using Feedback, 
6 .  D i g i t a l  Ccamunications Employing an Information Feedback 
Link,  
7. An exact analysis of distortion in pulse count type FM 
detectors, 
8. Development of theory for and the construction of a bread- 
board model of a wideband,  l o w  dis tor t ion FM generator 
using d ig i t a l  and diode waveshaping techniques, 
9, Studies of both quasi-static and dynamic dis tor t ions i n  
Foster Seely discriminators . 
10. Intermodulation effects in a multichannel FM signal  trans- 
m i t t e d  v ia  a simulated time dispersive channel, 
11. Theoretical and experimental study of a "frequency locked 
4 
loop" FM detector i n  the presence of fading and noise, 
12 0 
13.  
through Fa( Demodulation of Signals Transmittec 
2,  
ing Channels, 
Intermodulation distortion and transient effects in fas t  
AGC systems, 
3. 
R e p o r t  
1, Intermodulation Distortion i n  a Phase Locked Loop. 
Above threshold ,  the Phase Locked Loop is often considered t o  w 
behave l inearly,  and the output signal t o  noise r a t i o  is 
This equation assumes the presence of only one sinusoidal modulating 
s ignal  , 
In Space applications, one often transmits many information 
bearing signals simultaneously, by assigning each signal a subcarrier 
and frequency modulating the cambined signal. The result ing modulat- 
- ing s ignal  is usually wideband and "noiselike." 
The '!beating" together of these signals due t o  the nonlinearit ies 
present i n  the Phase Locked Loop resu l t s  in Intermodulation Distortion, 
The Intermodulation Distortion in the Phase Locked Loop due t o  the 
system nonlinearit ies has been calculated. 
constructed and the Intermodulation Distortion w a s  measured. 
found that the major contributor to the Intermodulation Distortion 
w a s  the Phase Detector, the Distortion caused by the Voltage Con- 
t ro l led  Oscillator being 20 db less than that caused by the Phase 
A Phase Locked Loop w a s  
It w a s  
- Detector. 
4, 
Figure 1 shaws the Intermodulation Distortion for a Phase Locked 
~ o a p  as a function of r m s  frequency deviation, AS expected, an in- 
crease in deviation causes an increased distortion. 
2. Error Rates U s i n q  an FM Discriminator 
.I 
D i g i t a l  information is often transmitted from a s a t e l l i t e  t o  
earth using frequency s h i f t  keying (FSK), 
Figure 2 shows three possible signals t o  be transmitted, a l ter-  
nating ones and zeros, two ones alternating w i t h  two zeros, and three 
ones alternating w i t h  three zeros. 
combinations of these signals,  The information is first frequency 
band-limited and then frequency modulated. 
A general signal is composed of 
The received signal is added t o  the input noise i n  the receiver, 
and then passed through an E'M Discriminator as shown i n  figure 3, 
- The demodulabed output is f i l tered and sampled, I f  the sampled 
voltage is posit ive a p l u s  one is assumed, if a negative voltage 
appears a minus one is assumed t o  have been transmitted. 
I f  the discriminator w e r e  linear the error r a t e  after demodula- 
t ion could be simply calculated using standard gaussian noise-matched 
filter techniques, The discriminator is, however, a nonlinear device, 
even dbove "threshold," When the input noise sa t i s f i e s  certain con- 
dit ions spikes occur a t  the discriminator output. These spikes have 
an area of 2 7 radians and can be approximated by an impulse function 
c 
which is f i l t e r e d  before sampling as shown. 
In figure 2 we saw tha t  the area of a b i t  was proportional to 
AT radians. 
function of A T ,  The carrier t o  noise r a t i o  (CNR) is a parameter. 
The increase in error rate a t  intermediate values of 
Figure 4 shows the variation of the errors/sec as a 
AT is duo 
t o  the spikes. A t  large and small values of AT the error r a t e  
is determined by the gaussian noise. W e  see from th i s  figure tha t  
one can t r a n s m i t  a signal having less energy per b i t  and m d k e  less 
errors/sec. Figure 4 also shows the close correlation between 
theoretical  and experimental r e s u l t s .  
Making use of our knowledge of the spike characterist ics we 
are currently trying t o  reduce the errors due to spikes by sensing 
when a spike appears. 
reduced by a factor of 5, 
So fa r  error ra tes  have been able t o  be 
3, The Response of an EM Discriminator to a Fadinq FM Siqnal 
Comuunication over a Fading channel using FM Signals has been 
used for many years. un t i l  now, however, no analysis was available 
t o  determine the output signal t o  noise r a t i o  (SNR) as a function 
of the CNR and the depth of fade. A theoretical  analysis has been 
performed and an analytical  expression obtained w h i c h  yields the 
output SNR as a function of depth of fade, fading ra te ,  and 
c 
the other system parameters. 
Figure  5 shuws the output SNR-CNR characterist ic for a 20db and 
a 40db fade. Note, tha t  the effect  of fading is t o  increase threshold, 
and t o  l i m i t  the maximum SNR possible. (When no addi t ive  noise is 
present, the jitter due t o  the fade resu l t s  in an effective output 
noise power). 
Error ra tes  have also been calculated and experimental measure- 
ments are currently being taken, 
4, OP tbmm Estimators 
A Bayes Estimator is one which minimizes the average risk for a 
part icular  cost  function, I f  the cost function is an in f in i t e  w e l l  
(an impulse) 8 a maximum likelihood estimator r e s u l t s ,  I f  the cost  
function has a mean square characterist ic,  the r e s u l t  is  a leas t  
m e a n  square estimator. These estimators are important since they 
are "opt imum" estimators, and suboptimum estimators such as the 
Phase Locked Loop, Frequency Demodulator Using Feedback and the 
EM Discriminator have lwer output SNR and poorer Thresholds. 
C i r c u i t  representations for the Maximum Likelihood Estimator 
have been obtained by D. Youla, M. Schwartz and R. L. Pickholtz 
of the Polytechnic Ins t i t u t e  of Brooklyn. C i r c u i t  representations 
for the l eas t  mean square estimator have been obtained by Sch i l l i ng  
* and Abbate for a constant channel. Schilling and Crepeau are 
presently obtaining c i r c u i t  representations for l ea s t  m e a n  square 
7 .  
estimators of an FM Signal passed through a fading channel. 
In addition, a program has been in i t ia ted  t o  determine haw much 
higher is the sm and haw much lower the threshold of an optimum 
estimator is conpared to that of a suboptimum estimator such as the 
Phase Locked Loop. 
5 .  An Xntensive Study of The Threshold Performance of the Phase 
Locked Loop and Frequency Demodulator Usinq Feedback 
Phase Locked Loaps have been constructed and a theory developed 
to predict output SNR-input CNR characterist ics,  Figure 6 shows the 
Phase Locked Loop characterist ic.  Notice tha t  a Odb t o  2db threshold 
is achieved experimentally. 
Similar theoretical  and experimental r e s u l t s  have been obtained 
for the Frequency Demodulator Using Feedback. These are shown in 
. Figure 7 which again shows experimentally obtained thresholds of 
Odb t o  2db. A conparison of the thresholds of each device as a 
function of the modulation index is shown i n  figure 8 .  The symbol 
/7 is the modulation index while / is the estimate of the 
modulation index. N o t i c e  t ha t  when the modulation index is small, 
the phase locked loop has a lower threshold than the frequency 
Demodulator Using Feedback. 
This work is continuing i n  the folluwing ways: 
a. The effect of adding delay t o  the phase locked loop is being 
. investigated, This w i l l  simulate the effect of adding spurious poles 
t o  the loop. 
b. The use of a Frequency Demodulator Using Feedback w i t h  a Phase 
. 
Locked Loop in the Loap, instead of a discriminator, is being studied. 
This should reduce the threshold of t he  I.MFB a t  low modulation indices, 
c ,  An Analog and Digital  computer study t o  precisely determine 
the effect of each parameter on the threshold performance is  being made. 
6 .  D i g i t a l  Comunications Emp l w i n s  an Information Feedback L i n k  
This problem concerns i t s e l f  w i t h  the  transmission of d i g i t a l  
information frm a source having low average power capabili ty (as a 
satel l i te)  t o  a receiver having the capabili ty of high power trans- 
mission (such as a ground s ta t ion) .  
"he first par t  of the problem assumes tha t  the received informa- 
t ion is coded i n  M level pulse amplitude modulation. The receiver 
has the option of making a dec i s ion  or asking for a repeat. (This 
repeat can be made after completing the  message, or i n  an orbit ing 
satell i te a t  the beginning of i t s  next  transmission). The request 
for repeat made by the ground station has an order of magnitude 
lower probability of error  than the transmitted signal i f  the re- 
ceiving s ta t ion transmitter has more than l d b  greater transmitting 
power capability. 
9, 
Consi-that the receiver is unsure i f  the k or k + lSt l e v e l  
was transmitted. 
If the kth level is correct, the s a t e l l i t e  transmitter transmits a 
It asks for a repeat by transmitting the kth level. 
-1, i f  the k + lst level  was originally transmitted, the transmitter 
transmits a +lo If neither the k nor k + lst level  w a s  transmitted, 
the transmitter repeats the correct level  (this has several orders 
of magnitude less probability of occurrence) , 
Figure 7 shows the re la t ive  power savings as a function of the 
request for repeat. 
l i t t l e  power as compared t o  decision feedback u n t i l  the request for 
repeat exceeds 10%. 
Notice that information feedback saves very 
A more interesting aspect of t h i s  problem is currently under 
investigation, This is the transmission of 1 of M orthogonal 
signals. In  this  problem one i s  no longer "certain" tha t  the trans- 
m i t t e d  signal is one of two possible signals, but one can choose 
L signals among w h i c h  the t r u e  signal lies, 
7, Distortion in Pulse  Count FM Discriminators 
A pulse count discriminator limits the incoming FM signal and 
then produces a pulse of uniform area and of a single polar i ty  upon 
every zero crossing of the incoming signal (N is  an integer).  
In  a common prac t ica l  version of the device N=2, however, divide 
4 10 . 
dawn versions exist i n  which N=10, 20, or same higher number. 
TWO questions arise i n  the  use of such a detector. One concerns 
the t rade off between pulse shape - sens i t iv i ty  - distor t ion - band- 
width, and maximum allowable frequency deviation assuming that N = l ,  
The second question asks what degradation occurs i f  N71. 
These questions have been a n s w e r e d  by sp l i t t i ng  the actual cir- 
cu i t  in to  two conceptual parts. 
c i r cu i t  w h i l e  Figure bb i l lus t ra tes  the imagined breakup of the c i rcu i t  
in to  a combination of a c i rcu i t  that  produces an ideal  impulse on every 
d e s i r e d  zero crossing and a linear network whose impulse response is 
the actual des i r ed  pulse  shape. 
Figure bA i l lustrates the basic 
One now calculates non-linear dis tor t ion limits for the 
impulse t r a i n  and then passes the resul tant  signal through the 
frequency response of the l inear network t o  obtain the t o t a l  
distortion. 
This approach allows one t o  set a r b i t r a r y  limits both upon the 
allowable non-linear dis tor t ion and upon the l inear  frequency d i s -  
to r t ion  caused by using various different prac t ica l  pulse shapes, 
It also allows one t o  calculate directly the res t r ic t ing  e f fec ts  
of increasing N, both f rom the non-linear and the l inea r  frequency 
dis tor t ion viewpoints. 
11 . 
8 .  Wideband, Law Distortion FM Generator Usins Diqital  Techniques 
A theory has been developed shuwing tha t  the al ternate  charging and 
discharging of a capacitor by signal controlled constant current gener- 
a tors  w i l l  produce an ideal FM triangular signal,  This triangular wave 
ma;. Se ccmverted htcr ?L sinasoidal fom. using a non-memory diode shaping 
network so that w i d e  deviations and/or high modulating frequencies m a y  
be handled without f i l ter  distortion problems. 
A c i r cu i t  has been constructed and operated w i t h  ca r r ie r  frequen- 
cies between 1 hertz and 2 MHZ. A t  any carrier frequency, f o , i t  was 
possible t o  obtain peak deviations for l o w  modulation frequencies of 
0.75  fo  before dis tor t ion terms exceeded 1%. (This l i m i t  was  imposed 
by prac t ica l  c i rcu i t  limitations not by theoretical  problems). I f  
the deviations are restricted t o  0.5 f, then t o t a l  harmonic dis tor t ion 
may be restricted t o  less than 0.2% 
With a c i r cu i t  of t h i s  type it is possible t o  obtain a 500 KHZ 
deviation direct ly  a t  a car r ie r  frequency of 1 MHZ and then hetrodyne 
up t o  any des i r ed  car r ie r  instead of the more normal s i tuat ion of 
obtaining an i n i t i a l  very s m a l l  deviation which must be multiplied 
by hundreds or  thousands of times t o  obtain a f ina l  w i d e  deviation. 
Since the c i rcu i t ry  is essentially a l l  of a d ig i t a l  form, it 
- should lend i t s e l f  t o  relat ively easy integration, 
12.  
9, S tud ie s  of a Foster Seely type discriminator 
Pole-zero constructions for the networks driving a Foster Seely 
type EM detector have been made. From these the theoretical  cpasi- 
static dis tor t ions have been calculated as a function of deviation. 
This approach also yields r e s u l t s  as t o  the effects  of fa i lure  t o  
balance the two halves of the c i rcu i t .  The effects of varying cir- 
c u i t  coupling and the re la t ive  sizes of primary and secondary 
resonance voltages are also easily s t u d i e d  from th i s  viewpoint.. 
The pole-zero approach does not yield any bounds upon the tran- 
s ien t  response of the  c i r c u i t .  To find such bounds the c i r c u i t  has 
been treated as an approximate different ia tor  i n  the time domain. 
W i t h  t h i s  approach one finds approximate bounds of ,u L 0. lowo m a x  - fi L? 
and A W L  oolowO for l o w  distortion, Under these conditions 
and if AW >prnax then the percentage second harmonic dis tor t ion 
Q 
is  found t o  be 25 Q(LLw/w,) . In such a c i rcui t  the detection sensi- 
t i v i ty ,  assuming equal primary and half secondary voltages, E, is found 
t o  be (2.8Q.E )/wo 
allowable bandwidth from the distortion viewpoint and detection 
hence one has the expected trade offs  between 
sens i t iv i ty ,  
An analog simulation of a portion of such a c i r c u i t  has been 
made t o  investigate the applicabili ty of these r e s u l t s  t o  an 
"ideal" c i r c u i t  . 
13. 
10. Interchannel intermodulation i n  FM m u l t b l e x  transmitted 
via a randumly time dispersive channel. 
Experimental investigations are continuing t o  properly char- 
acter ize  interchannel intermodulation dis tor t ions i n  terms of channel 
parameters such as fading rate, spread and probability distribution 
of the t i m e  dispersion and such s igna l  parameters as position w i t h m  
the band. 
car r ie r  and the PIB random channel simulator. 
w i t h  the general form of previously published, empirical resul ts .  
Work is continuing,both t o  improve the instrumentation for the 
system and then t o  determine variations caused by the several in- 
terest ing parameters. 
An i n i t i a l  set of data has been plotted using a ~MHZ 
These resu l t s  agree 
11. Frequency Locked LOOP Investisations 
Experimental and theoretical investigations have been made 
of a possible new type of FM detector knwn as  a frequency locked 
loop .) 
In this detector a feedback loop is connected around a 
C l a r k e - H e s s  discriminator as shown in Figure//. This loop causes 
the tuning of the detector to track the incoming signal so that  the 
normal detector output remains close t o  zero throughout the devia- 
t ions of the carrier. By taking the system output beyond the loop 
amplifier the noma1 output swing for a given input  deviation is 
14 . 
obtained. 
Although the threshold properties of the circuit  do  not appear 
to be as desirable as i n i t i a l  calculations had indicated they might 
be, the c ircui t  does have good AM suppression characteristics above 
threshold and further investigation appears warranted. 
15 , 
Conclusions: 
From 15 September 1965 t o  15 March 1966, several important prob- 
lems have been solved and many others are on their way to completion. 
It i s  estimated that - 1, Digital Communication W i t h  Information Feed- 
back; 2, The Least Mean S q u a r e  Estimator of a Fading FM Signal; 3. Error 
ra tes  i n  FSK Transmission Using an EM Signal; 4, Distortion i n  Pulse  
Count Discriminators: 5. The Theory and Practical  Implementation of 
a Wideband PM Generator, w i l l  be completed by 3.5 September 1966, 
Projects which w i l l  extend beyond 15 Septeniber 1966 are - 
1. A Comparison of the Output SNR f Threshold of the MU3 and 
Least Mean Square E s t i m a t o r ,  and the FM Discriminator, Phase Locked 
~ o a p  and Frequency Demodulator Using Feedback. 
2, The Operation of the Phase Locked Loop With Delay. 
3. The Operation of the Phase Locked Loop i n  a Fading 
Environment, 
4. The U s e  of a Phase Locked Loop in a Frequency Demodulator 
W i t h  Feedback , 
5 ,  An investigation of intermodulation effects of multiple 
access satell i te communications using a TWT, 
6 ,  The detailed analysis of various EM discriminators, 
7 ,  The formulation of a s u i t d b l e  theory t o  predict  interchannel 
intermodulation dis tor t ion for multichannel FM transmitted via ‘a 
time varying channel, 
16 , 
8 .  The analysis and design of the frequency locked loop, 
9. The canparison of various E'M detectors under fading input 
signal conditions. 
Several new projects are anticipated for  the two year period 
beginning 15 September 1966. These include Synchronization of 
several Phase Locked Loops, a study of the synchronization problem 
with respect to the transmission of d i g i t a l  signals, the design of 
optimum and sub-optimum signals, and an investigation of realizeable 
signal detection schemes based on non-parametric statist ical  tests. 
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